DNA from the murine pneumotropic virus was extracted from virus in lung tissue of infected mice, and the regulatory region of the genome was amplified by PCR. The regulatory region of individual plasmid cloned DNA molecules appeared to have heterogeneous enhancer segments, whereas the protein-coding part of the genome had a uniform length. Nucleotide sequence analysis revealed that the majority of the DNA molecules had a structure differing from the standard type. A 220-bp insertion at nucleotide position 142 with a concomitant deletion of nucleotides 143 to 148 was prominent. There were two variants of the 220-bp insertion, differing at two nucleotide positions at one of the termini. Other DNA molecules had complete or partial deletions of these structures and surrounding sequences in the viral enhancer. However, the end of the insertion at nucleotide 142 was frequently preserved. The viral early and late promoter activity of the variant regulatory regions was tested in a luciferase reporter assay by using transfected NIH 3T3 cells. In relation to the standard-type DNA, all variants, including a G272T mutant, had much stronger late promoters. In contrast, the early promoter activity was influenced in a positive or negative direction by individual mutations. Also, the activity of the viral origin of DNA replication was affected by the sequence variation of the regulatory region, although the effects were smaller than for the late promoter. Analysis by Southern blotting and quantification using dot blots showed that approximately 10 3 copies of material related to the 220-bp insert in murine pneumotropic virus DNA was present in mouse and human DNA but not in Escherichia coli DNA. Moreover, analysis by PCR indicated that there were multiple copies in the mouse genome of sequences that were identical or closely related to the 220-bp viral DNA segment. These data together with the nucleotide sequence analysis suggest that the 220-bp insertion is related to a transposable element of a novel type.
Members of the polyomavirus family have DNA genomes with a size of approximately 5 kbp. With this small coding capacity, they depend on host cell functions for their gene expression and DNA replication. The originally discovered mouse polyomavirus is highly tumorigenic in experimental infection, whereas a second mouse polyomavirus, the murine pneumotropic virus (MPtV) discovered by Kilham and Murphy (27) -earlier called Kilham virus-is nontumorigenic in the animal species that have been tested (39) . However, MPtV can transform mouse cells in vitro (43) .
MPtV, in contrast to other mammalian polyomaviruses, is associated with acute disease. In newborn mice, infection causes a severe interstitial pneumonia (19, 20) , whereas exposure of fully immunocompetent mice to MPtV leads to an inapparent infection that becomes persistent. During the acute phase, MPtV can be observed in vascular endothelial cells, mainly in the lung but also in other organs, including liver, spleen, brain, and intestine (19) (20) (21) 32) . Later in infection, during the persistence phase, virus is mainly present in association with renal tubules (22) .
The MPtV genome is a circular, 4,756-bp double-stranded DNA molecule (31; present investigation). As with the other members of this virus family, the early and late regions are encoded by opposite strands of DNA, with the transcriptional promoters and the origin of replication in a ca. 0.5-kb segment located between the two protein-coding regions. However, MPtV is not closely related to the previously characterized mouse polyomavirus (3, 31) . Besides the lack of a gene encoding middle T antigen in MPtV DNA, the deduced amino acid sequences of the virally encoded proteins are as distantly related to those of the oncogenic mouse polyomavirus as they are to the proteins encoded by the human polyomaviruses.
A variety of cellular proteins have binding sites in the regulatory region of polyomavirus genomes (25) . Most of these sites are located in a segment first identified as an enhancer of the early promoter (10) . Later, additional functions of the enhancer in the initiation of viral DNA synthesis and in transcription of the late region have been demonstrated (44) . In a given cellular environment, the ability of the enhancer to bind proteins that participate in the assembly of transcription and replication complexes determines whether or not the virus can multiply. Genomes with the enhancer of the standard-type MPtV do not replicate in the presence of large T antigen or express their late genes in a variety of mouse cell lines. However, the substitution of a segment of the MPtV enhancer with a corresponding part of the polyomavirus genome rendered the virus the ability to multiply in mouse fibroblast cells (50) .
Whereas coding regions of polyomavirus genomes are genetically stable, a substantial variability of the enhancer has been observed in mouse polyomavirus propagated in cultured cells (17, 26, 30) . Corresponding regulatory region variants of simian virus 40 (SV40) were isolated from both infected cells in culture and from immunocompromised monkeys (28) , whereas regulatory region variants of the human polyomaviruses BK and JC have been recovered from both immunocompromised and healthy individuals (reviewed in reference 13). The sequence variation in the regulatory region typically consists of duplications, frequently in combination with deletions or other rearrangements. Mutation of the enhancer may alter the host range of mouse polyomavirus in vitro and in vivo (17, 26, 30, 41) . In SV40, regulatory region variants isolated from infected animals showed altered growth characteristics in cell culture (29) . Studies on JCPyV variants suggested that genomic rearrangements were associated with the persistent state of infection, influencing host cell specificity and virulence, which might lead to human disease (14, 35) .
Cellular mobile genetic elements, also called transposons, are distinguished by their ability to insert at new genomic locations. There are two major classes of transposons (15) . Class I elements, such as the Alu elements in primates (24) and B1 sequences in rodents (42) , are retroelements that use reverse transcriptase to transpose by means of an RNA intermediate. In contrast, class II elements transpose directly from one location in DNA to another. In mammalian genomes, two types of class I retroelements predominate: long and short interspersed nuclear elements (49) . Another type of transposable elements, called miniature inverted-repeat transposable elements (MITEs), has been found mainly in plant genomes (46) . Various MITEs have common features, including length (74 to 490 bp), terminal inverted repeats of 10 to 15 bp, target site preference, low GϩC content, and high copy number (46, 49) .
In SV40 a variant was found to have a 157-bp Alu-elementlike insertion immediately upstream of the early coding sequences (11) . There are additional reports of cellular DNA segments integrated into the regulatory region of polyomavirus genomes (12, 38) . However, in these cases, genomes with inserts of cellular DNA were either found as a small minority in a population of normal viral genomes or in a larger proportion of defective viral genomes after repeated high-multiplicity passage of virus in cell culture. In the present investigation, DNA segments apparently derived from repeated sequences in cellular DNA were found integrated in the enhancer of the MPtV genome. Moreover, these genetic elements did change the viral potential of gene expression and DNA replication.
MATERIALS AND METHODS
Animals, cells, and virus. Pregnant females of C57BL/6 mice were obtained from the Laboratory Animal Resource at Uppsala University, where animals are health monitored and kept behind a barrier. The mouse cell lines NIH 3T3 and FM3A and human HeLa cells were obtained from ECACC (Porton Down, England). The mouse endothelial cell line UAE (1) was kindly provided by T. Ramqvist, Karolinska Institute, Stockholm, Sweden. All cells were cultured in Dulbecco modified Eagle medium (Gibco) supplemented with 10% newborn calf serum. Kilham polyomavirus (MPtV) was obtained from the American Type Culture Collection (Manassas, Va.) as a clarified extract of lung tissue.
Infection and transfection protocols. Newborn C57BL/6 pups were inoculated intraperitoneally with 2 l of virus suspension diluted 10-fold in phosphatebuffered saline. At 7 days after infection, livers, spleens, kidneys, and lungs were excised, homogenized, and disintegrated by sonic vibration. For transfection, cultures of NIH 3T3 cells were started at a density of 2.5 ϫ 10 5 cells per 60-mm-diameter petri dish. The following day the cells were transfected with 4.0 g of DNA in complex with Lipofectamine according to the manufacturer's instructions (Life Technologies Products).
Cloning, amplification, and sequence analysis of the MPtV and MPtV-related DNA. The recombinant plasmid pKV19, carrying MPtV DNA in the XbaI site of pUC12 (31) , was obtained from Kristina Dörries (Würzburg University, Würz-burg, Germany). In this report, pKV19 is called pstMPtV.
Genomic DNA was purified from human HeLa cells; from mouse FM3A, NIH 3T3, and UAE cells; and from Escherichia coli JM109 cells by using a DNeasy Tissue Kit (Qiagen) according to the manufacturer's instructions. Low-molecular-weight DNA prepared (23) from cell extracts of lung tissue of MPtV-infected C3H mice (American Type Culture Collection) and from organs of infected C57BL/6 mice was used as templates for PCR amplification of the regulatory region of the viral genome. Two oligonucleotide primers corresponding to nucleotides (nt) 353 to 337 and nt 4626 to 4643 of MPtV DNA were used. In addition, these primers contained a 5Ј-terminal SacI recognition sequence for subsequent plasmid cloning. The PCR was performed with the high-fidelity Vent DNA polymerase (New England Biolabs). After SacI cleavage, the PCR product was ligated to the corresponding site of the pGL2-basic plasmid (Promega) and E. coli JM109 cells were transformed. The plasmid carrying the regulatory region of the MPtV genome was called pGL2-basic/MPtVrr.
For amplification of MPtV-related material in mouse genomic DNA, a pair of oligonucleotide primers corresponding to nt 23 to 45 and 178 to 201 of the MPtV "insertion" (see Fig. 5A ) were used. Each PCR was carried out by using 250 ng of template DNA, 1ϫ PCR buffer (MBI Fermentas), a 0.3 M concentration of each primer, 0.2 mM deoxynucleoside triphosphate, MgCl 2 at the indicated concentrations, and 1 U of Taq DNA polymerase (MBI Fermentas) in a final volume of 100 l. The DNA was amplified by 35 reaction cycles (94°C for 45 s, 58°C for 30 s, and 72°C for 30 s). For further analysis, the PCR products were ligated into the pGEM-T vector (Promega), and after transformation of E. coli JM109 cells, the inserts of individual plasmid clones were analyzed by DNA sequencing. The analyses were carried out with an ABI-PRISM Sequenator. In the reactions, commercial oligonucleotide primers (Promega) for sequence analysis of inserts of the pGL2-basic and the pGEM-T vectors were used. All sequence data were proofread visually.
For Southern blot analysis, genomic DNA was cleaved with BglII and the fragments were resolved by agarose gel electrophoresis and then transferred to a BioTrace polyvinyl difluoride hybridization membrane (Gelman Sciences) by capillary blotting. DNA on the membrane was annealed at 65°C in 5ϫ SSC (1ϫ SSC is 0.15 M NaCl plus 0.015 M sodium citrate) with a 32 P-labeled probe prepared by PCR from the insert in MPtV DNA. For estimation of the copy number of MPtV insert-related sequences in genomic DNA, 2.5, 5.0, and 10 g of each type of genomic DNA were dot blotted to a BioTrace polyvinyl difluoride hybridization membrane (Gelman Sciences). A linearized recombinant plasmid containing a single insert of MPtV DNA was used as standard. The blotted DNA sample was annealed with a 32 P-labeled MPtV insert probe as described above. Reporter assay of gene expression and analysis of viral DNA replication. The luciferase reporter assay and the analysis of viral DNA replication were performed as described previously (50) . pGL2-basic/MPtVrr, carrying the indicated regulatory regions in the early and late promoter orientation relative to the luciferase gene, was used for transfection of NIH 3T3 cells. To obtain the insert in both orientations, it was excised from recombinant plasmids and religated with the vector. Cytoplasmic extracts of the transfected cells were prepared at 42 h posttransfection. For analysis of the activity of the MPtV origin of DNA replication, NIH 3T3 cell cultures were transfected with 2.0 g of the indicated pGL2-basic/MPtVrr DNAs mixed with 2.0 g of pcDNA3/MPtV-LT (50). Cells were harvested at 42 to 44 h posttransfection. Low-molecular-weight DNA was extracted from the cells (23) and cleaved with DpnI and a second restriction endonuclease to linearize DpnI-resistant molecules. Thereafter, it was subjected to Southern blot hybridization followed by quantification of signal intensities.
Nucleotide sequence accession number. Nucleotide sequences of variant nontranslated regions of MPtV DNA have been deposited in the EMBL database: stMPtV (st represents standard type), AJ517507; G272TMPtV, AJ517508; inA/ dl143-148MPtV, AJ517509; inB/dl143-148MPtV, AJ517510.
RESULTS
Rearrangements in regulatory region of MPtV DNA. The observation that gene expression and replication of stMPtV DNA is inefficient in mouse fibroblasts raised the question as to whether virus isolated from infected animals had genomes with a different regulatory region. Virus DNA was extracted from lung tissue of infected C3H mice, and the regulatory region of the genome was amplified by PCR. To identify nu-cleotide sequence variations, the PCR product was ligated to the plasmid pGL2-basic, and after transformation of E. coli cells, individual plasmid clones were isolated.
Analysis of the PCR products by agarose gel electrophoresis displayed considerable heterogeneity. There was a minor band with a size of 470 bp, corresponding to the size of the standardtype regulatory region, and a major band of 720 bp. In addition, there was a smear of molecules with sizes larger than 720 bp (Fig. 1A) .
The high variability of the regulatory region of the MPtV genome led to the question whether most of the DNA molecules were severely rearranged with a corresponding heterogeneity of the coding sequences. Since populations of defective variants have a heterogeneous size, resulting from reiterations of genomic segments (16), viral DNA extracted from virions was analyzed by Southern blotting (Fig. 1B) . Low-molecularweight DNA was extracted from the virus preparation and was linearized by endonuclease XbaI cleavage prior to agarose gel electrophoresis. As a control, pstMPtV DNA cleaved with the same enzyme was used. After blotting, viral DNA was annealed to a 32 P-labeled probe prepared from the insert of viral DNA in pstMPtV. DNA extracted from the infected tissue showed a hybridization signal at a position corresponding to a size slightly larger than that of the stMPtV genome (Fig. 1B) . This result is consistent with the observation that the majority of the DNA molecules had a larger regulatory region than the standard type. Although the band of viral DNA extracted from virus appeared broader than the corresponding band of plasmid-cloned DNA, the size of the viral DNA molecules indicated that most viral genomes did not have rearrangements outside the regulatory region. Analysis after cleavage with the endonucleases HincII, HindIII, and PvuII (data not shown) led to the same conclusion.
Determination of the nucleotide sequence of the regulatory region in individual plasmid clones revealed a large number of variants. In DNA from 30 plasmid clones, 15 different nucleotide sequences were identified. However, inspection of the sequences revealed that they were all related to the regulatory region of the MPtV genome, as reported by Mayer and Dörries (31), here called stMPtV. In all the plasmid clones, including our stock of the original pstMPtV, there were two extra G residues, at nt 10 and 14. Besides this difference, only 2 of the 30 clones carried the regulatory region of stMPtV DNA. Another two had the standard-type sequence with a G-to-T transversion at nt 272. The remaining plasmid clones all showed more complex alterations of the MPtV regulatory region.
In relation to the structure of the stMPtV enhancer, many of the clones (12 of 30) had an insertion of 220 bp at nt 142, in combination with a deletion of the adjacent 6 bp (nt 143 to 148). Two types of 220-bp insertions were observed that differed in sequence at two positions at one end. The insertiondeletion event apparently occurred in MPtV regulatory regions with either a G or a T residue at nt 272. Besides the isolates with the combination of a 220-bp insertion and a 6-bp deletion, there were 10 types of nucleotide sequences present in the sample that could have arisen by a deletion within the 220-bp insertion or by deletion of the whole insertion and flanking DNA segments. Figure 2 summarizes the basic types of sequences with variation at nt 142 that were observed. In addition to these sequence variations, we found two types of regulatory regions with direct repeats of a segment within the regulatory region of stMPtV DNA. In both cases, the duplication was combined with another genetic event. All the information on the nucleotide sequences of the viral regulatory regions is summarized in Table 1 .
Since the heterogeneous MPtV genomes were isolated from the lungs of moribund animals, the variability might have arisen in the final stage of the infection and a large proportion of the virus particles might have low viability. To investigate whether the regulatory region genetic variants were infectious, the MPtV prepared from lungs of infected C3H mice was used for infection of newborn C57BL/6 mice. This mouse strain was used because it is derived from Mus musculus, like C3H, and has been shown to be susceptible to MPtV (43) . Moreover, we use it routinely for polyomavirus infections. The mice were inoculated intraperitoneally, and at 7 days postinfection, the animals were killed and organs were excised. DNA was extracted from several organs, and the regulatory region of MPtV DNA was amplified by PCR, using primers base pairing to the flanking 5Ј termini of the coding regions. Analysis of individual DNA molecules by plasmid cloning and nucleotide sequence determination was done as described above. The result showed ( Table 2) Organization of the stMPtV regulatory region and the structure of variant genomes isolated from MPtV in mouse lung tissue. The regulatory region of the viral genome was amplified by PCR and ligated to pGL2-basic DNA. Recombinant plasmids were cloned, and the nucleotide sequence of the regulatory region was determined. The data were related to the published nucleotide sequence of MPtV DNA (31), here called standard type (stMPtV). (A) Short arrows indicate large T antigen recognition pentanucleotides (GPuGGC) in the sense of the early (E3) and late (4L) DNA strands, respectively. The hatched box shows the position of the putative viral replication origin. Abbreviations: inA and inB, insertion type A and type B, respectively (numbers refer to the nucleotide positions of the 220-bp segments); dl, deletion; dp, duplication; G272T, G-to-T base change at nt 272. (B) Predicted recognition sites of DNA-binding transcription factors (40, 47) .
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on October 15, 2017 by guest http://jvi.asm.org/ fied in lung extract were propagated in the infected C57BL/6 mice and that variants with the inB insertion were common. Although only 24 plasmid clones of PCR-amplified DNA were analyzed in this initial study, some conclusions can be drawn.
The inA variant combined with the deletion at nt 143 to 148 was found not only in lung but also in kidney, liver, and spleen, whereas the corresponding variant with the inB insertion was identified in kidney, liver, and spleen of the infected C57BL/6 animals. Although this variant was not found in the lungs of infected C3H or C57BL/6 mice, it might, of course, be present-but passed undetected-in both cases. Notably, in the 24 analyzed plasmid clones, there was no regulatory region of the standard type. This observation supports the notion that the insertion-deletion event contributes to the growth efficiency of MPtV. Effect of enhancer mutations on promoter activity and on the origin of DNA replication. The promoters of early and late transcription as well as the origin of DNA replication are located in the regulatory region of the polyomavirus genomes. Moreover, the activity of all three elements depends on specific interactions of the enhancer segment with cellular protein molecules. Thus, the observed variation of the MPtV enhancer might influence the efficiency of both viral gene expression and DNA replication. Although a variety of cell lines and primary cells have been examined for their ability to support MPtV multiplication, none of these was found to be permissive to the virus. However, an enhancer substitution mutant of MPtV was demonstrated to replicate and to form virus after transfection of NIH 3T3 cells (50) . Therefore, NIH 3T3 cells were used for the experiments. The activity of the early and late viral promoters was tested, using a luciferase reporter assay, and in addition, the activity of the viral origin of DNA replication was analyzed in the presence of large T antigen expressed from a separate plasmid (pcDNA3/MPtV-LT).
The pGL2-basic vector contains a luciferase reporter gene whose expression depends on the insertion of a DNA segment with promoter activity. For analysis of MPtV early and late promoter activity, the regulatory regions amplified by PCR were cloned in both orientations in relation to the luciferase gene in the pGL2-basic plasmid (pGL2-basic/MPtVrr-E and pGL2-basic/MPtVrr-L). The amount of luciferase activity in cytoplasmic cell extracts prepared at 42 to 44 h posttransfection was taken as a measure of promoter activity. In each experiment, the early and late promoter activities were tested. The stMPtVrr-E and stMPtVrr-L plasmid derivatives were used as standards, and transfection with each plasmid was carried out in triplicate.
In accordance with an earlier report (50) , the late promoter of stMPtV DNA had a very low activity in NIH 3T3 cells, whereas the luciferase gene driven by the early promoter was approximately 10-fold more active. The combined data of reporter gene expression are summarized in Table 3 . In comparison to the standard-type early promoter, the insertion-deletion decreased the luciferase expression by 65%. In contrast, the G272T mutation increased reporter gene expression from the early promoter by 40%. The two types of mutations had a much larger effect on the activity of the late MPtV promoter. a Growing NIH 3T3 cells were transfected with 4.0 g of plasmid pGL2-basic/ MPtVrr with the regulatory region in the early and late orientations relative to the luciferase reporter gene. Transfection was carried out in triplicate, and luciferase activity from duplicate samples of each transfected culture was assayed. Enzyme activity is indicated relative to the level obtained with the early promoter of stMPtV DNA. The variation in luciferase activity is also indicated.
b For analysis of the activity of the MPtV origin of DNA replication, cells were transfected with equal amounts of pGL2-basic/MPtVrr and pcDNA3/MPtV-LT. The amount of newly replicated DNA at 42 h after transfection was determined.
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Extracts of NIH 3T3 cells transfected with a plasmid containing a regulatory region with the insertion-deletion at nt 142 contained more than 10-fold more luciferase activity than the cells transfected with the control plasmid of the standard type. The effect of the G272T mutation on the late promoter activity was even larger in relation to the standard-type regulatory region. In this case, the luciferase activity was increased 40-fold. The other regulatory region variants had intermediate effects on the activities of early and late promoters. In individual mutants, the activity of the early promoter was affected positively or negatively in relation to the standard type. In contrast, the viral late promoter uniformly responded to mutation of the regulatory region by increased activity. This positive effect by a variety of nucleotide sequence changes suggests that the late promoter activation was not caused by the creation or disappearance of specific protein binding sites but instead by a more general effect such as remodeling of chromatin.
The origin of replication in DNA of polyomaviruses has a highly conserved structure. There is an essential core element, consisting of large T antigen binding sites and adjacent sequences. In addition, there are auxiliary elements located in the enhancer, where specific binding of cellular factors cooperates with large T antigen in the initiation of viral DNA synthesis (9) .
We showed earlier (50) that MPtV DNA is able to replicate in NIH 3T3 cells when large T antigen is expressed at a sufficiently high level. In the present experiments, NIH 3T3 cells were cotransfected with a pGL2-basic construct, containing the regulatory region of the viral genome, and a second plasmid, pcDNA3/MPtV-LT, expressing the MPtV large T antigen. Thus, the synthesis of reporter plasmid DNA was uncoupled from the early gene expression of the regulatory region being tested.
At ca. 40 h posttransfection low-molecular-weight DNA was selectively extracted, partially purified, and then incubated with the restriction endonuclease DpnI to fragment unreplicated plasmid DNA. Analysis by Southern blotting (Table 3) showed that the activity of the origin of viral DNA replication at a given concentration of large T antigen in NIH 3T3 cells was not significantly increased by insertion-deletion of nucleotides at nt 142. However, the G272T mutation in a genetic background of stMPtV or its deletion-insertion derivatives approximately doubled the amount of replicated viral DNA. Of the remaining variant regulatory regions, the majority was more effective than the standard-type structure, increasing the amount of replicated DNA by a factor of 1.5 to 3.3. The variability of the replication data is not reported because only one experiment included all plasmid constructs. However, the results of several experiments with groups of regulatory region variants were consistent with the replication data reported in Table 3 . In general, sequence variations that had the largest effect on the late promoter also increased the activity of the replication origin. However, there was no linear relationship between the effects on the activities of the late promoter and the replication origin.
Relationship of the MPtV enhancer insertion to cellular DNA. Based on the assumption that stMPtV was a progenitor of the enhancer insertion-deletion mutants, a probable source of the insertion is cellular DNA. In a BLAST search of the mouse DNA database (2) in which the whole 220-bp insertion of inA was used, 64 entries with significant similarity (for smallest-sum P, 0.13 Ͻ P Ͻ 1.00, 58 to 67% identities) to 202 bp or less of the query sequence were detected (18 November 2002) . When the BLAST search was extended to all notated rodent and human sequences, one rat sequence (gb AC079378) with higher similarity (smallest-sum P ϭ 0.072) to inA than the top-scoring mouse sequence (gb AL589735) was revealed. The BLAST search did not reveal more than five sequences with short (20 to 23 bp), perfect, or nearly perfect similarity in the entire nucleic acid database.
The observation that there were 220-bp insertions with two slightly different sequences and that these insertions apparently could be deleted with retention of one endpoint suggested that they might be related to cellular mobile genetic elements. However, analysis of the 220-bp element with the RepeatMasker program (http://genome.washington.edu) did not reveal significant similarity to any known cellular repeated sequence.
To investigate whether there are nucleotide sequences in cellular genomes related to the 220-bp segment from MPtV DNA, Southern blot analysis was used. DNA was extracted from the mouse cell lines NIH 3T3, UAE, and FM3A; from human HeLa cells; and from E. coli JM109 cells. Purified DNA, 10 g, was digested with the restriction endonuclease BglII and was then resolved by agarose gel electrophoresis. Ethidium bromide staining of the gel showed that the genomic DNA was cleaved ( Fig. 3A and B) , and Southern blot analysis, with 32 P-labeled 220-bp insert DNA as a probe, showed strong annealing to mouse and human DNA, while no reaction with E. coli DNA was detected (Fig. 3C) . The probe did not base pair with a unique DNA fragment. Instead, the annealing pattern was typical for highly repeated sequences. Out of the three mouse cell lines, DNA from FM3A cells, which is derived from C3H mice-the mouse strain which was used for passage of the investigated MPtV-appeared to react more strongly with the probe than did DNA from NIH 3T3 and UAE cells, suggesting that mouse strains differ with respect to representation of the 220-bp-related sequences in their genome. Quantification of probe annealing to dot blot DNA, with MPtV DNA as a standard, indicated that the copy number of nucleotide sequences related to the 220-bp insert in DNA isolated from FM3A cells exceeded 1,000 (Fig. 4) .
Although many or even most of the 220-bp related DNA sequences in mouse DNA might be only partially complementary to the viral DNA segment, at least one copy in the mouse genome should be perfectly complementary if the 220-bp segment in MPtV DNA was acquired by transposition. For detection by PCR of such genomic copies, a primer pair was selected that would generate a 179-bp fragment, with inA or inB DNA as a template. In this experiment, DNA isolated from both C3H and C57BL/6 mice was used. From both types of templates, two dominating PCR products were formed. The smaller of these had a size of ca. 180 bp. Figure 5 shows the PCR products from C3H mouse DNA resolved by agarose gel electrophoresis. Similar results were obtained with C57BL/6 DNA (data not shown). Since the specificity of the priming was critical, the PCR was tested at a range of MgCl 2 concentrations. For further analysis, DNA was purified from the reactions run at 2.5 mM MgCl 2 and was ligated to the plasmid pGEM-T. After transformation of E. coli cells, individual plasmid clones were isolated and then amplified. Nucleotide sequence analysis showed that the smaller PCR product was closely related to the insertion in MPtV DNA, whereas the larger product had little similarity outside the primer positions. The sequence data, summarized in Table 4 , show that all 12 plasmid clones that were analyzed contained inserts that were very similar to the 220-bp viral sequence. However, only two of the inserts were identical to the viral DNA.
DISCUSSION
In comparison to other parts of polyomavirus genomes, their regulatory regions are extremely variable in structure. In various polyomaviruses, a large number of regulatory region variants have been identified (human polyomavirus BK [33, 34] , JC [48] , and SV40 [29] ). Most of the variation occurs in a short segment of the genome first identified in polyomavirus DNA as an enhancer of early transcription (10) . Being a target for FIG. 5 . Agarose gel electrophoresis of PCR products from amplification of MPtV-related sequences in mouse DNA. DNA was extracted from the spleen of a C3H mouse and then purified. PCR amplification was done for 35 cycles in the presence or absence (Ϫ) of template DNA by using a primer pair that would generate a 179-bp product with the inA or inB insert of MPtV DNA as a template. After amplification, DNA was resolved by electrophoresis in a 1.5% agarose gel in the presence of 0.5 g of ethidium bromide per ml. DNA was visualized in UV light. The final concentration of MgCl 2 in the PCR is indicated. The electrophoretic mobility of size markers is displayed to the left .   FIG. 4 . Estimation of copy number of MPtV insert-related material in genomic DNA. The same DNA preparations and radioactive probe were used as in the experiment described in the Fig. 3 legend. Radioactivity annealing to dot blotted material was quantified in a PhosphorImager. Copy numbers were estimated in relation to the signals obtained with purified pstMPtV DNA. 3  C3H  A150G  4  C3H  T73A, T80A, T136C, A193G  5  C3H  T80A, T136C  6  C3H  A78G, T87C, A99G  7  C3H  T125A, A152G  in58/dl139  8  C57BL/6 T85C, A114G, A145G, T174A  9 C57BL/6 A99G, T158C, A193G 10 C57BL/6 A71G, A106T, A173G, A182C 11 C57BL/6 12 C57BL/6
a The PCR was done with genomic DNA isolated from C3H and C57BL/6 mice and with primers corresponding to nt 23 to 45 and 178 to 201, respectively of the 220-bp insert in the MPtV genome.
b Numbers refers to the position in the 220-bp insert. (37) . Besides the regulatory function in transcription, enhancers influence the activity of adjacent origins of DNA replication (9) . The complexity of enhancers relates to need of regulation and cell type specificity of gene expression. For polyomaviruses that have the ability to multiply in several different tissues and at different rates during the acute and persistent phase of the infection, the structure of the enhancer must be a result of intricate selection processes. Mutation of the enhancer has consequences that are difficult to predict. The cell type specificity of the enhancer function means that the selective effect of the cellular environment varies during the infection of an animal. Secondly, the function of the enhancer is cis acting, and the enhancers that are present in the same cell compete for cognate DNA-binding proteins. Consequently, a genome having an enhancer with superior fitness will suppress the activity of genomes with less fit enhancers (36) . This condition is of particular importance in viral DNA replication, leading to the rapid disappearance of genomes with enhancers of inferior fitness. Conversely, a viral genome with an enhancer that has gained in fitness might become predominant in a short period.
In enhancers of polyomavirus genomes, the pattern of variation is quite uniform. Most variants contain either deletions or duplications, compared with the archetype. Although the mutation of enhancers probably is a random process, the genetic alterations observed in individual polyomavirus populations have typical locations that depend on prior selection. Besides deletions, duplications, and point mutations, there are many reported examples of integration of cellular DNA segments. In fact, even the archetype enhancers in polyomavirus genomes might be derived from cellular DNA relatively recently, since their function is not fundamentally different from corresponding elements in the cell.
The present study revealed that MPtV harvested from infected C3H mice had genomes with very heterogeneous enhancers. Out of 30 clonal isolates, only four had identical enhancers and just two were identical to the published standard type of MPtV DNA. Besides deletions and duplications, a large proportion contained an insertion-deletion. None of these genomes was predominant in the population. In addition, the distribution of variants appeared relatively stable. After another passage of MPtV in C57BL/6 mice followed by nucleotide sequence analysis of PCR-amplified regulatory region DNA, several of the previously identified MPtV variant types were still present ( Table 2) .
The insertions were either 220 bp long ( Fig. 1 and 6A ) or shorter derivatives of these DNA segments, probably formed by secondary deletion, since one or both ends of the inserted segment were preserved. The interpretation of the data that the standard-type genome was formed by deletion of the 220-bp segment is unlikely, because it does not explain how TGAATA is inserted concomitantly with the deletion. Instead, the sequence data suggested that the 220-bp insert was a cellular transposable element with a target in the enhancer of the MPtV genome. The observation that two types of 220-bp inserts (inA and inB), differing slightly in sequence at one end, were present in the population corroborated our hypothesis. For both types of insertion events, the sequence 5Ј-TGAAT A-3Ј was deleted concomitantly with the integration of the cellular DNA segment. The integration might be initiated by cleavage of MPtV DNA 3Ј to nt 142 and 5Ј to nt 149. There is a sequence with mirror symmetry of the deleted segment in the two strands that has its axis at nt 143. Moreover, in one of the strands, there are TA dinucleotides at both breakpoints, suggesting that an endonuclease with a sequence preference was involved. Since topoisomerase I is participating in MPtV DNA replication, it is a candidate. With this enzyme, the scissile strand has the preferred nucleotides 5Ј-(A/T)(G/C)(A/T)T-3Ј (8) and separate cleavages immediately 3Ј to closely spaced recognition sites in opposite strands of DNA would lead to a double-strand break with staggered ends. There are potential cleavage sites in MPtV DNA 3Ј to nt 141 in one strand of MPtV DNA and 3Ј to nt 148 in the opposite strand. Topoisomerase I cleavage at both these sites would generate a double-strand break with 5Ј-protruding ends. Such linear molecules of MPtV DNA could be utilized in site-specific recombination. Figure 6B depicts the target site and the terminal sequences of the insert. Three base pairs in the 3Ј end distinguish inA from inB. As a result of this difference, a 6-bp direct terminal repeat (CTTAGA) is generated by the insertion in the inB variant. Besides the 220-bp insertions, there were variant genomes with shorter inserts, probably formed by secondary de- letions. In four of the cloned regulatory regions with nonstandard type (15%), the presumed secondary deletion had removed one end of insertion precisely, as exemplified by inA/B (1) (2) (3) (4) (5) (6) . This observation suggests the presence of a specific excision mechanism. In comparison to most transposons of mammalian cells, the 220-bp inserts are short, have no coding potential, and apparently have high target site specificity. These features and the A-T content suggest a relationship with a recently discovered class of elements, MITEs. Although most, but not all, MITEs contain inverted terminal repeats for their transposition (4) (5) (6) (7) 45) , the MPtV insert and the flanking virus sequence do not contain obvious terminal inverted repeats. Instead, the 220-bp insert has short direct repeats like a retrotransposon. There is an earlier observation (11) of an SV40 mutant with a 175-bp segment related to the Alu family of interspersed repeated sequences in primate DNA. These elements belong to the retrotransposons.
Southern blot analysis of cellular DNA, with the 220-bp segment of MPtV DNA as a probe, confirmed that there were closely related nucleotide sequences in mouse and human DNA but not in DNA from E. coli (Fig. 3) . Under hybridization conditions that would result in one signal for a unique DNA sequence, the probe annealed to an array of BglIIcleaved DNA molecules, suggesting that it was complementary to a highly repeated nucleotide sequence. Analysis by dot blot (Fig. 4) showed that the mouse genome might contain as many as 10 3 copies of the MPtV repeat. A BLAST search of the mouse DNA sequence database confirmed the presence of many sequences related to the 220-bp inA and -B sequence in the mouse genome. Although none of these was identical to the query sequence, PCR amplification with primers complementary to sequences near the end of the 220-bp sequence indicated that there are multiple copies of very closely related sequences in the mouse genome. Although it is difficult to rigorously rule out that the sequence variation observed in these copies was generated during the PCR, the occurrence of single-nucleotide deletions and insertions and the same substitution in more than one clone (T80A, T136C, and A193G) make polymerase errors unlikely. Furthermore, the sequence variation in the larger PCR product was 10-fold less than in the data shown in Table 4 . Thus, we conclude that there are a fairly large number of copies closely related to the 220-bp segment in the mouse genome. In addition, some of these copies are probably identical to the DNA segment observed in viral DNA. However, these copies were, apparently, fewer than the number of positive signals in Southern blot and dot blot analysis. An explanation for this discrepancy is that only those copies with nucleotide sequences identical to the primers were detected by PCR.
For cellular genes it has been reported (18) that integration of transposons might alter both the level of expression and the spatial expression pattern of adjacent genes. Transposable elements might also contain tissue-specific enhancers. The individual enhancers isolated from the MPtV genome varied in their activity in gene expression and viral DNA replication (Table 3) . These experiments were carried out by transfection of NIH 3T3 cells that are nonpermissive for multiplication of stMPtV (50) . However, the sole purpose of the analyses was to demonstrate differences in activity between the standard-type and mutant enhancers. Although the 220-bp inA in combination with the 6-bp deletion added putative CREB, NF1, and Oct1 sites to the enhancer (Fig. 2) , it decreased the activity of the early viral promoter in NIH 3T3 cells (Table 3) . However, the insertion might be advantageous in other cell types. Moreover, some of the mutant enhancers increased the activity of the viral origin of DNA replication in NIH 3T3 cells.
Besides the insertion-deletions, another frequently occurring variation in the regulatory region of the MPtV genome was the G272T base substitution. This polymorphism, mapping at a large T antigen binding site (unpublished data), had a positive effect on the activity of both the viral early and late promoters and in addition augmented viral DNA replication. This global effect on the regulatory region-expressed in the absence of large T antigen-suggested that the mutation led to a more general consequence, such as modification of chromatin structure. The G272T substitution also provided a genetic marker, based on the assumption that the G7T mutation occurred at a frequency similar to that of transversions in cellular genomes. Since, both G272 and T272 was observed together with the inA insertion-deletion, as well as in the standard-type background, the insertion events probably occurred much more frequently than the transversion at nt 272. An alternative explanation of the data is that recombination was extraordinarily frequent in MPtV DNA, since the insertion site at nt 142 and the point mutation at nt 272 are very close. Only site-specific recombination might occur at such high frequencies.
The identification of a transposable element in MPtV DNA raises several questions. What family of repeated sequences does the 220-bp MPtV inserts belong to? Does the cellular mobile genetic element have a regular function in the viral life cycle? Can new events of transposition be observed in infection of cultured cells or in infected mice? Is this phenomenon unique to MPtV or ubiquitous in DNA virus evolution? Thus, the MPtV system might provide a useful model for studies of phenomena related to DNA transposition in mammalian cells.
